Abstract In this paper, a simple dip-coating technique is used to deposit a poly (3-hexylthiophene) and [6, 6 ]-phenyl C 61 -butyric acid methyl ester (P3HT:PCBM)/nickel-aluminumlayered double hydroxide-graphene foam (NiAl-LDH-GF) composite onto a nickel foam (NF) serving as a current collector. A self-organization of the polymer chains is assumed on the Ni-foam grid network during the slow "dark" drying process in normal air. Electrochemical cyclic voltammetry (CV) and constant charge-discharge (CD) measurements show an improvement in the supercapacitive behavior of the pristine P3HT:PCBM by an order of magnitude from 0.29 F cm −2 (P3HT:PCBM nanostructures) to 1.22 F cm −2 (P3HT:PCBM/NiAl-LDH-GF composite structure) resulting from the addition of NiAl-LDH-GF material at a current density of 2 mA cm
Introduction
The rising energy demand for the future generation is one of the major concerns of most countries around the world today. The increasing cost of energy and the issues related to environmental pollution which are associated with energy production and use compel the search for alternative sources of energy that are renewable, sustainable, clean, and efficient. This has stimulated intense research into new methods for energy generation and efficient storage. In order to provide a sustainable and continuous supply of energy to meet the everincreasing demand, there is a need to set up storage systems that will store excess energy produced by different energygeneration methods.
Supercapacitors (SCs, or ultracapacitors) and hybrid solidstate batteries are but a few examples of the most recent technological innovations in the field of electrical energy storage [1] [2] [3] [4] [5] [6] [7] [8] [9] . Among the latter, SCs possess higher power density and longer cycle life but lower energy density. Therefore, one of the main aims in the ongoing research into SCs is to improve their energy densities considerably, to bring the densities close to those of batteries or even better [2] . For efficient energy storage, the performance of SCs should easily meet technological requirements in present and future applications. Some important factors that determine the performance of SCs include the nature of the electrode and the operating voltage. The storage mechanism is used to classify SCs into two main types: the electric double-layer capacitors (EDLCs), in which the charge is stored at the electrode/electrolyte interface with the main material used being carbon, and the pseudocapacitors in which the charge arises from reversible redox reactions in materials like conducting polymers, metal oxides or hydroxides, etc. [2, 4] . The electrode porous structure and material surface area are very important for optimum capacitance due to the surface phenomena associated with supercapacitors [4] .
Graphene, planar sheet of sp 2 bonded carbon atoms densely packed in a honeycomb lattice, has recently attracted much attention from scientific communities due to its unique properties such as high electrical conductivity, high surface area, and robust mechanical properties [4, 10, 11] . In the past few years, many studies have focused on combining graphene with metal oxides or hydroxides [9, [12] [13] [14] [15] [16] , conducting polymers [12, [17] [18] [19] , and other activated carbon materials [20, 21] . Among the conducting polymers, polyaniline (PANI) and poly (3-hexylthiophene) (P3HT), which have the characteristic property of donating electrons, have recently been used in SC applications [17, 18] . Recent studies by A. Gupta et al. [17] involved an in situ synthesis of P3HT incorporated with graphene to form polymer/graphene composites with a good specific capacitance of 244 F g −1 at a current density of
.
Other researchers have also blended the P3HT polymer with fullerene acceptor material: [6, 6 ]-phenyl C 61 -butyric acid methyl ester (PCBM), to form a hybrid blend of highly ordered P3HT:PCBM nanostructures with efficient donor-acceptor charge carriers. Wang et al. [22] reported a capacitance value of 0.14 F cm −2 for nanowires of P3HT:PCBM blend, obtained from cyclic voltammetry (CV) measurements. In general, conductive polymer blends with efficient electrical properties are obtained by an interpenetrating matrix of donor and acceptor materials. P3HT:PCBM blends have been extensively applied in organic solar cells [23] [24] [25] and recently in SCs due to their promising capacitive properties. However, reported values are still low due to the limited accessibility of electrolyte ions to the surface of the material [22, 26] . This could be mitigated by hybridizing this polymer with a material with a high surface area and which has additional properties necessary to improve the overall capacitive performance of the final composite. Layered double hydroxides (LDHs), also known as hydrotalcite-like compounds, are a family of layered solids with structurally positively charged layers and interlayer balancing anions [27] . They have been used extensively for various applications due to their tunable composition, large surface area, and flexible ion exchangeability [28, 29] . Hence, the synergetic properties of both P3HT:PCBM and the LDHs should, in theory, improve the capacitive properties of the composite.
On the basis of the attractive properties of both graphene and LDH stated above, we report on the effect of the addition of nickel-aluminum-LDH-graphene foam (NiAl-LDH-GF) composite to the P3HT:PCBM polymer blend through a simple dip-coating approach in an effort to improve the capacitive performance of the latter. To the best of our knowledge, there has been no previous report on a composite of LDH-graphene (LDH-G) with a P3HT:PCBM polymer blend for supercapacitor application.
Experimental
Synthesis of NiAl-LDH-GF composite GF was synthesized by chemical vapor deposition (CVD) onto catalytic nickel foam (NF) (Alantum Innovations in Alloy Foam Munich, Germany). The nickel foam with graphene was then immersed in 3.0 M hydrochloric acid (HCl) at 80°C for 8 h to etch away the nickel template completely and thereafter rinsed several times in deionized water to obtain the graphene foam. NiAl-LDH composites were synthesized by adopting a facile solvothermal method reported in earlier work [3] . Typically, 2.400 g of urea, 2.139 g of Ni(NO 3 ) 2 , and 0.724 g of Al(NO 3 ) 3 salts were dissolved in 80 ml of a pre-sonicated deionized water/ethanol solution containing graphene foam. After ultrasonication for a few minutes, the above mixture was transferred into an autoclave vessel and kept at 140°C for 18 h. Finally, the composite was filtered and dried at 60°C overnight for 8 h to obtain the final material.
Synthesis of P3HT-PCBM blend Regioregular P3HT and PCBM (Sigma-Aldrich, purity >99.9 %) were used as received without further purification. In the preparation of the polymer blend, 45 mg of P3HT and 40 mg of PCBM (with a ratio of P3HT to PCBM=1:0.8) were dissolved in 3 ml of 1,2-chlorobenzene to form a 15 mg/ml solution.
Synthesis of the P3HT-PCBM/NiAl-LDH-GF composite
Ninety milligrams of the NiAl-LDH-GF powder obtained was dissolved and sonicated in 1 ml of ethanol. The solutions of P3HT:PCBM and NiAl-LDH-GF were then mixed and sonicated for 2 h. Lastly, the mixed solution was stirred for 24 h in the dark at 65°C in order to obtain thorough mixing of the final product of the P3HT:PCBM/NiAl-LDH-GF composite. Thereafter, the composite solution was applied via a simple dip-coating technique to pre-weighed nickel foam (3×1 cm 2 ) as illustrated in Fig. 1 . The foam was then re-weighed to obtain the amount of material coated onto it, and the coated area was also measured. This was then placed in a dark enclosure and allowed to dry slowly in normal air overnight due to the instability of the polymer blend under normal light [30] . Nickel foam dip-coated with a solution containing P3HT:PCBM blend alone was also prepared simultaneously for comparison purposes. The morphology of the samples was studied with a high-resolution Zeiss Ultra Plus 55 field emission scanning electron microscope (FE-SEM) operated at 1.0 kV. Raman spectra of the P3HT:PCBM, GF, NiAl-LDH, and P3HT:PCBM/Ni-Al-LDH-GF composite were recorded using a Jobin Yvon Horiba TX 6400 micro-Raman spectrometer equipped with a triple monochromator system to eliminate contributions from Rayleigh scattering. The samples were analyzed with a 514-nm argon excitation laser using a 509 objective lens with ×100 magnification and an acquisition time of 120 s. Surface area measurements were performed using the Brunauer-Emmett-Teller (BET) method. Pore size and pore volume were obtained using Barrett-JoynerHalenda (BJH) method from the desorption branch of the isotherm. Electrochemical measurements were carried out using a Bio-Logic SP-300 workstation (Knoxville, TN 37930, USA) in a three-electrode configuration. The as-prepared P3HT:PCBM/NiAl-LDH-GF on NF served as the working electrode, a glassy carbon plate was used as the counter electrode, and Ag/AgCl (3.0-M KCl solution) was used as the reference electrode in a 6.0-M KOH electrolyte. Electrochemical impedance spectroscopy (EIS) was performed in the frequency range of 100 kHz-10 mHz.
Results and discussion Figure 2 shows the morphology of the NF before and after coating with the P3HT:PCBM/NiAl-LDH-GF composite. Figure 2a shows the three-dimensional NF macroporous structure which makes it an excellent choice for use as a current collector. The inset in Fig. 2a is of higher magnification showing the grain boundaries of the NF. Figure 2b shows the NF coated with the P3HT:PCBM polymer blend. A view at a higher magnification is shown in the inset in Fig. 2b with dark patches appearing on the NF after coating. Figure 2c shows the NF coated with the P3HT:PCBM/NiAl-LDH-GF composite material. The presence of the composite material is evidenced at higher magnification of 1 μm by the rough ridges appearing on the NF after dip coating in the composite solution (see inset in Fig. 2c ). As reported in an earlier study [22] , a random orientation of the polymer chains occurs during a fast drying process. However, a slow drying process enhances a thermodynamically favorable re-orientation of the polymer chains leading to ordered nanostructures of the polymer on the supporting substrate. Thus, a degree of polymer nanostructure ordering should also occur on the supporting Ni foam; however, one should bear in mind that the addition of NiAl-LDH and graphene to the polymer solution may be detrimental for this ordering during dip coating. Raman spectroscopy was used here to confirm the presence of the constituents of the composite material by studying their characteristic vibrational modes. Figure 3 shows the Raman spectra for NiAl-LDH, the P3HT:PCBM blend, and the P3HT:PCBM/NiAl-LDH-GF composite.
The inset in the figure shows the Raman spectrum of GF. The peaks seen in the spectrum correspond to those of the composite material and are typical of each component of the composite with the bands at 1,594 and 2,704 cm
corresponding to the G and 2D bands of graphene but shifted because of the interaction between graphene and other materials in the composite (see the inset in Fig. 3 ) [31] [32] [33] . The peak at ∼1,365 cm −1 and the shoulder appearing at ∼1,445 cm −1 are very close to those related to the vibrational modes from the C-C intra-ring and the symmetric C=C stretching modes in the P3HT:PCBM blend, respectively [34] [35] [36] . These two modes, usually described as "in-plane ring skeleton modes", are used to quantify the degree of molecular order of the P3HT phase in the blend due to the fact that they are sensitive to π-electron delocalization of P3HT molecules [34] . The vibrational mode for fullerene-derived PCBM films usually appears at 1,469 cm −1 , based on earlier literature, and can be assigned to the dominant pentagonal-pinch mode A g (2) of C 60 [37] . The Raman peak at around 1,469 cm −1 is u s u a l l y o v e r s h a d o w e d b y t h e i n t e n s e p e a k a t ∼1,450 cm −1 and cannot be resolved in our spectrum [36] . The band at ∼1,025 cm −1 is typical of the NiAl-LDH vibrational mode [4, 33] . Furthermore, the Raman spectrum for the P3HT:PCBM/NiAl-LDH-GF composite clearly shows a broadening of the peaks at ∼1,365 and ∼1,445 cm −1 . This is accompanied by a reduction in the intensity of those peaks. These observations could be explained by the coexistence of the different materials of the composite which disrupts the initial order of the P3HT:PCBM polymer matrix [34] . Thus, from the Raman spectra, one can suggest that there is an interaction between the GF, the LDH material, and the P3HT:PCBM blend.
The supercapacitive performance of the P3HT:PCBM/ NiAl-LDH-GF composite electrode material is dependent on its ability to accommodate as much active electrochemical sites for charge storage during operation. The presence of suitable mesopores within the electrode material (especially within the range of 2-5 nm) is also ideal to ensure the reduction of mass transfer of electrolyte during fast redox reactions [4] . As such, surface area measurements using the BET technique are necessary. The physical adsorption/desorption of N 2 at 77-K results shown in Fig. 4 displays the surface area and porosity for the prepared samples.
In the case of LDH alone, a type IV isotherm with a H 3 -type hysteresis loop (P/P o >0.4) appears, which indicates the presence of mesopores in the LDH material [4, 38] was observed for the NiAl-LDH-GF where GF has been added thereby increasing the availability of porous sites suitable for the polymer composite and possibly reducing the aggregation of LDH platelets (Fig. 4b) . Thus, the addition of the mesoporous material to the P3HT:PCBM polymer blend was done to increase the surface area of the polymer-based composite, improving its charge storage capability by the availability of active mesoporous sites. This improvement is shown in Fig. 4c where the SSA of the P3HT:PCBM/NiAl-LDH-GF composite is drastically increased to 22.33 m 2 g −1 from an initial value of 2.58 m 2 g −1 for the P3HT:PCBM blend alone. Figure 4d shows the pore size distribution for the composite with a pore diameter range of 2-5 nm which shows the successful inclusion of mesoporous sites necessary for charge storage. Figure 5a compares the CV curves of the NF current collector, the pristine P3HT:PCBM blend, and the P3HT:PCBM/NiAl-LDH-GF composite at a scan rate of 10 mV s . The CV curve of the NF current collector shows a very low current density response when compared to P3HT:PCBM and the P3HT:PCBM/NiAl-LDH-GF composite, respectively. This shows the negligible capacitive contribution of the NF current collector in both the P3HT:PCBM and the P3HT:PCBM/NiAl-LDH-GF composite active electrodes. The CV measurements at different scan rates of the ; d specific capacitance of P3HT:PCBM/NiAl-LDH-GF composite electrode at different scan rates calculated from the CV curves P3HT:PCBM, indicating a better capacitive performance. The specific capacitance was calculated using the following formula from the CV curves [17] :
A higher specific capacitance was obtained for the composite which contains the LDH-GF material, for each scan rate. For example, a specific capacitance of the pristine P3HT:PCBM nanostructure on NF is calculated as 0.34 F cm . Figure 5d shows the trend of the specific capacitance as a function of the scan rate. As expected, the specific capacitance decreases with increasing scan rate. This is due to the limited movement of ions and protons by diffusion at higher scan rates, which leaves only the outer active surface for charge storage [4, 39] . Figure 6a , b shows the variation in discharge time with current density for both pristine P3HT:PCBM and the P3HT:PCBM/NiAl-LDH-GF composite, respectively. A higher discharge time is observed for the composite material compared to the P3HT:PCBM polymer. The presence of the graphene and hydrotalcite structure within the polymer creates more surface interaction for charge transport. The mechanism of the charge storage for the polymer alone is based on both interfacial electric double-layer capacitance (EDLC) and redox processes from pseudocapacitance. The EDLC is based on electrostatic charge separation and accumulation, while the redox process arises from the electron transfer between the P3HT + donor and the PCBM − acceptor with electrosorption and surface redox processes at the electrolyte/electrode material interface. Similar pseudocapacitive nature has been reported for other conductive polymers which have been used for supercapacitor applications [17, 18] . For an ideal SC, the discharge curves should be linear; however, the nonlinearity observed in the composite material confirms the pseudocapacitive nature of the LDH material and the polymer blend. The specific capacitance was also calculated from the galvanostatic charge-discharge (CD) curves using the formula [28] :
where I is the current (A), T d is the discharge time (s), a is the area of the coated electrode with active material (in cm 2 ), An improvement in specific capacitance was also observed from the charge-discharge measurements for the composite containing the LDH-GF material. For example, at a current density of 2 mA cm −2 , the specific capacitance was found to increase from 0.29 F cm −2 for the pristine P3HT:PCBM nanostructure to a value of 1.22 F cm −2 for the composite structure. Thus, the results of both the CV and CD measurements showed improved capacitance of the polymer due to the presence of the NiAl-LDH-GF. The improvement is attributed to the creation of active mesopores necessary for charge storage in the composite material. This is seen from the improvement in the specific surface area obtained from the BET analysis. Figure 6c shows the continuous CD curve of the composite at a current density of 10 mA cm −2 . The composite retained 75 % of its initial capacitance after 500 galvanostatic CD cycles, which shows the reliable stability of the composite material for use as an SC electrode. Most polymer electrodes begin to exhibit degradation after 200-300 cycles due to mechanical degradation during cycling [40] , hence the idea of adding other materials to form a composite which will improve the overall polymer stability. Furthermore, in an effort to study the effect of cycling on the electrochemical stability of the P3HT:PCBM/NiAl-LDH-GF composite, the electrodes were subjected to CV tests once again after 500 cycles. An insignificant shift was observed in the redox peaks after cycling as illustrated in Fig. 6d . This further confirms the stability of the composite electrode for possible applications in supercapacitors.
The EIS result for the composite electrode is shown in Fig. 6e (Nyquist plot), alongside that of the P3HT:PCBM. The Nyquist plot is a representation of the real and imaginary parts of the impedance in the electrode material. The plot is usually divided into two regions, namely, the high-frequency region, which is characteristic of the charge-transfer process taking place at the electrode/electrolyte interface, and a straight line in the low-frequency region, which represents the diffusion process taking place at this interface. The intercept in the high-frequency region with the x-axis corresponds to the equivalent series resistance (ESR), which consists of the resistance of the aqueous electrolyte and the intrinsic resistance of the composite material [4] . An internal resistance of 0.2 Ω was recorded for the composite electrode (figure inset), which is very similar to that of the P3HT:PCBM polymer. This suggests that there was no change in the internal resistance resulting from the addition of the LDH-GF material.
Conclusion
We synthesized and incorporated NiAl-LDH-GF into a P3HT:PCBM polymer to obtain a composite material with an improved specific capacitive behavior. The composite exhibits a specific capacitance of 1.22 F cm −2 at a current density of 2.0 mA cm −2 from galvanostatic charge-discharge measurements and 0.92 F cm −2 at a scan rate of 10 mV s −1 from cyclic voltammetry measurements, which is an order of magnitude higher than for the pristine sample and is, to the best of our knowledge, among the highest values reported so far for P3HT:PCBM nanostructure supercapacitors [22] . The 75 % capacitance retention of the composite after 500 galvanostatic charge-discharge cycles also shows the reliable stability of the composite material for use in energy storage devices.
and ΔV is the voltage range (in V).
